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Abstract 

We search for signatures of the extra neutral gauge boson Z', pre- 
dicted in some extensions of the Standard Model, from the analysis 
of some distributions for p + p — > ^'^ + /i~ + X, where the only 
exotic particle involved is Z' . In addition to the invariant mass and 
charge asymmetry distributions, we propose in our search to use the 
transverse momentum distribution {pt) as an observable. We do our 
calculation for two values of the LHC center of mass energy (7 and 
14 TeV), corresponding to 1 and 100 fb~^ of luminosity, in order to 
compare our findings from some models with the distributions follow- 
ing from the Standard Model. By applying convenient cuts in the 
invariant mass, we show that the final particles pT distributions can 
reveal the presence of an extra neutral gauge boson contribution. We 
also claim that it is possible to disentangle the models considered here 
and we emphasize that the minimal version of the model, based on 
5C/(3)c X SU{3)l X U{l)x symmetry, presents the more clear signa- 
tures for Z' existence. 
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1 Introduction 



It is believed that the Standard Model (SM) of the electroweak and strong 
interactions is not the complete theory because it does not explain some 
theoretical features, for example the family replication. This motivates the 
formulation of many theoretical extensions of the SM. For example, the issue 
for the family replication problem and for the bound on the Weinberg angle 
is proposed in [1]. 

On the other hand the SM is in accordance with all available experimental 
data from LEP, SLD and Tevatron and, apart from the Higgs particle, all 
predicted particles have been discovered. It is expected, in a near future, 
that the Large Hadron Collider (LHC) at CERN will reach a higher energy 
and luminosity regime opening the possibility to find the responsible for 
electroweak symmetry breaking mechanism and to reveal phenomena related 
to new physics, such as the existence of new particles. 

Many alternative models predict the existence of new and exotic particles. 
Among them, the new neutral gauge boson called Z' appears in the 3-3- 
1 models [21 121 H], little Higgs model |5], left-right symmetric models [6], 
superstring inspired E6 model |71 [8] and models with extra dimensions as 
Kaluza-Klein excitations of neutral gauge bosons [9]. 

The search for Z' will play an important part in the proposals of future high- 
energy colliders. It is expected that LHC will be able to look for a Z' up 
to 5 TeV, however only the next generation of linear colliders (ILC), dealing 
with polarized beams and with ^J~s > 500 GeV will be able to confirm its 
existence via interference effects and to perform more precise measurements. 
Unfortunately the Z' mass is not predicted in any model but the minimal 
version of 3-3-1 model imposes an upper bound around 4 TeV for this pa- 
rameter what makes the model very attractive under the experimental point 
of view. The acceptable current lower bound is 600 GeV and it is strongly 
model dependent [10]. Previous results from interference effects, at LEP, 
and from direct production, at the Tevatron, show that Z' is expected to be 
very heavy, having a small mixing with Z. Some improvements on its mass 
and mixing have recently been obtained for some models from electroweak 
precision data [TT] . 

A safe way to search a Z' is to follow the same procedure adopted for dis- 
covering Z gauge boson. In this case, the searches must cover a range for 
an invariant dilepton mass higher than Mz- The signature for its existence 
is obtained directly from proton-proton and e^e~ collisions analyzing the 
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distributions of Z' decay products. Once discovered the particle, one has to 
determine its main properties: mass, natural width, charge and spin. 
In order to confirm the Z' existence, we have to collect a bulk of observable 
showing its signature. All these observable must come from the distribu- 
tions of its decay products. As emphasized by [12], the forward-backward 
asymmetry (Ai?^) final states distribution can reveal an axial coupling of Z' 
to fermions, then showing a clear signature. As it is known the Z' rapidity 
measurements can tell us about its couplings to quarks and leptons [T3] . 
In this paper we are proposing to consider another observable allowing for a 
Z' identification in proton-proton collisions at center of mass (c.o.m) energy 
= 14 TeV with an annual luminosity of £ = 100 fb~^. In addition, we 
present our results for a possible first stage of LHC operation, namely i/i = 7 
TeV and £ = 1 fb~^. In this work we combine the forward-backward and 
invariant mass distributions with the transverse momentum distribution of 
the emerging fermions in the processes p -|- p — > /i"*" -|- /i~ -|- X using some 
representative models containing Z' . 

The present work is organized in the following way: in section 2 we show the 
couplings between Z' and quarks and leptons for some models, in the section 
3 we give our results and finally we present our conclusions. 



In our study, we consider three different approaches to physics beyond the 
SM. One consider the GUT superstring-inspired i?6 and their low energy x 
version, SU{2)l x U{1)y x U{1)y'- Another approach implies an extension of 
the SM like the left-right models that appear in order to explain the left-right 
parity breaking and is based in the gauge group SU (2)^ x SU (2)/j x U (1) b-l- 
Finally, we consider an alternative approach to the SM, represented by the 
models with symmetry SU{3)c x SU{3)l x U{1)x, called 3-3-1 models for 
short, that give answer to some open questions as the number of families or 
the electroweak mixing angle value. The fermion-Z' couplings are specific for 
each model. This characteristic is reflected in the width of the new neutral 
gauge boson, that define a leptophobic or leptophilic character of Z'. 
The general Lagrangian for the neutral current involving Z and Z' contribu- 
tions for the models studied in this article is: 



2 Models 
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Z cos (7iy ^ L J 

where / can be leptons and quarks and g is the weak couphng constant, gv 
and gA are the SM couphngs, whereas the new couphngs g'y and g'j^ are pre- 
sented in the Tables I and II. Below the electroweak scale, the phenomenology 
predicted by these models involving the 7 and the Z, coincides with the SM 
one. 
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Table 1: The vector and axial couplings of Z' with leptons (e, /i and r) and 
quarks {u and 0?) in the 3-3-1 models. 6w is the Weinberg angle. 
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Table 2: The vector and axial couplings of Z' with leptons (e, /i and r) and 
quarks {u and d) in the Sym L-R and Eq — x models. 



3 Results 

We calculate the invariant mass, forward-backward asymmetry and trans- 
verse momentum distributions for p + p — > fi~^ + fi~ + X , ai 14 TeV, from 
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the following models: a model with symmetry SU{3)c x SU{3)l x U{1)x, 
in its minimal version (331— MIN) [21 [3] and the version with right-handed 
neutrinos (331— RHN) [1], a left-right symmetric model (LRM) [6] and Eq 
inspired model (Eg x) [HE]- By respecting the different group assignments, 
it is clear that in each model there is a peculiar Z' coupling to fermions. All 
calculations of this work are performed with the CompHep package [13]. 
Considering the Tevatron results and from the theoretical constraints on the 
considered models, we vary the Z' mass from 800 GeV to 1200 GeV and we 
compare the distributions with the SM ones 

As a first step to search its signature we study the invariant mass distribu- 
tions. In this case, the determination of Z' mass can become more easy if one 
consider convenient cuts in the invariant mass: ( > 500 GeV). In accor- 
dance with the CMS detector performance simulation [15], we adopted the 
following dimuon pseudo-rapidity and transverse momentum cuts: |?7| < 2.5 
and pt > 20 GeV. In the Figures 1 we display the resulting muon pair mass 
distributions. One can observe that the shape of the distributions are re- 
lated to the Z' width. For the 331— MIN, there are many Z' decay channels 
available and so the distribution is more fiat than the others. A remarkable 
observation is that, even for small dimuon mass values, the predicted number 
of dimons in 331— MIN, are much larger than those predicted by the other 
models, including the SM one. 

Next we study the angular distributions, in order to analyze the forward- 
backward asymmetry (A^^). As pointed out in [TH] and [TTJ HSl US] this 
analysis is essential to disentangle Z' predicting models. It is well known 
that this calculation is quite difficult because the direction of the interacting 
quarks are not determined. To face this difficulty one uses the kinematics of 
the dimuon system. As the elementary processes involve quarks with various 
momentum distributions, one can approximate the quark direction by the 
boost direction connecting the dimuon system with the beam axis. As a 
consequence the assignment of quark direction can be obtained if one selects 
dimuon large rapidity events. This way, we adopt the same muon rapidity 
cut {\y^f_i\ > 0.8) as proposed in [THl US]. We present in the Figures 2 our 
results for the Aps, by considering the dimuons invariant mass around the 
values of 800, 1000 and 1200 GeV. These Figures show that the asymmetry 
calculated from all models, except the 331— MIN model, is very sensitive to 
the Z' mass. ApB from the 331— MIN model is almost constant and this 
behavior is related to the leptophobic character of the 331— MIN Z' particle. 
Clearly the Aps analysis can be used to disentangle the models. The ApB 
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analysis for some models from reconstruction of fully-simulated events was 
performed in [20] . 

In order to emphasize the role played by the exchange of an exotic neu- 
tral gauge boson, we have also calculated the fermion transverse momentum 
distribution obtained by integrating the elementary differential cross sec- 
tion over the fermion transverse momentum. The elementary cross section 
presents propagator poles at the resonance masses {Z and Z'). In the inte- 
gral, the Jacobian of the transformation, from the fermion momentum to its 
transverse component, introduces the factor [211 122] 



on the other hand, the more important contribution for the final state dis- 
tribution comes when the energy of the elementary process is close to the 
resonance poles. As a consequence, the final momentum transverse distribu- 
tion is more pronounced for pt = Mj-es/'^- As a consequence the transverse 
momentum distribution can be used to identify the resonance masses. 
This way, two peaks are expected to appear in the muon px distribution 
corresponding to one half of the resonance masses {Mz and M^/). In order 
to have a more clear signature of Z' exchange we have applied a more strong 
cut in the dimuon mass (M^^ > 500 GeV) and we present in the Figures 3 
our findings for Mz' = 800, 1000 and 1200 GeV, respectively. We observe 
in this case that, for all models including the SM one, there is a peak at 
250 GeV, which is related to the adopted invariant mass cut. The second 
peak keeps its position at px = Mz'/2. Moreover, we observe a complete 
different shape for the distributions: the LRM exhibits a more pronounced 
peak while the 331— MIN is flat due to its peculiar Z' width. We claim that 
this behavior can be used as a nice signature for Z' existence as well as it 
can be used to disentangle the different models. 

We extended all calculations for the c.o.m. energy of 7 TeV that corresponds 
to the initial operation condition of the LHC [23], and the corresponding 
invariant mass and transverse moment distributions are displayed in the Fig- 
ures 4 and 5. We observe that the distribution behavior are similar to that 
obtained for y/lA TeV with a smaller expected number of events. 
In conclusion we show that, in addition to Aps asymmetry, the muon px 
distribution from muon pair production is a very promising tool for LHC 
experimental groups (CMS and ATLAS) to discover the seed for new physics. 




6 



and for theoreticians, to disentangle models. It is important to mention 
that the annual number of events in a possible first stage of LHC operation 
[^/s = 7 TeV and C = 1 fb~^) are expected to be in the range 40 to 140 for 
Mz' = 1200 GeV for all models studied in this work. On the other hand the 
number of events are predicted to be in the range from 3 x 10^ to 12 x 10^ 
for v^4 TeV and £ = 100 ih~^ for the range of mass studied in our work. 
Finally, we emphasize that, in all calculations, we have adopted a realistic 
approach by considering, for each model, the "correct" Z' width, as shown 
in the Table 3. 
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Table 3: Some M^/ values and their respectives widths in GeV for some 
models. 
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Figure 1: Invariant mass distribution for the process p + p — > 
pL^ + p^ + X {^/s = 14 TeV) for some models considering Mz' = 
800 GeV (left), Mz' = 1000 GeV (right) and Mz' = 1200 GeV 
(down) . 
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Figure 2: Forward-backward asymmetry for the process p+p — > 
+ +X {^/s = 14 TeV) for some models considering Mz' = 
800 GeV (left), Mz' = 1000 GeV (right) and Mz' = 1200 GeV 
(down). 
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Figure 3: Lepton transverse momentum distribution for the pro- 
cess p + p — > fi^ + pr + X (^/s = 14 TeV) for some models, 
considering Mz' = 800 GeV (left), Mz' = 1000 GeV (right) and 
Mz' = 1200 GeV (down) and a cut M^,^, > 500 GeV. 
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Figure 4: Invariant mass distribution for the process p p — > 
/i"^ + /i~ + X (^/s = 7 TeV) for some models considering M^/ = 
800 GeV (left), Mz' = 1000 GeV (right) and Mz' = 1200 GeV 
(down). 
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Figure 5: Lepton transverse momentum distribution for the pro- 
cess p + p — > fi^ + + X {^/s = 7 TeV) for some models, 
considering Mz' = 800 GeV (left), Mz' = 1000 GeV (right) and 
Mz' = 1200 GeV (down) and a cut M^,^, > 500 GeV. 
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